Proteins L7 and L12 from 50S ribosomal subunits of Escherichia coli are required for peptidechain termination. This termination process is inhibited by thiostrepton. Since both thiostrepton-treated ribosomes and those depleted of L7 and L12 have a markedly reduced ability to form release factor UA[3H]A ribosome complexes, the binding of release factors to the ribosome appears to be the primary site of inhibition.
The ribosomal proteins L7 and L12 of Escherichia coli have been shown to be involved in the elongation factor Tu (EF-Tu)-dependent binding of aminoacyl-tRNA to ribosomes (1, 2) and in the elongation factor G (EF-G)-dependent hydrolysis of GTP (3) (4) (5) . These same reactions are also inhibited by the antibiotic thiostrepton (6) (7) (8) (9) (10) (11) (12) . In addition, as initially suggested by Hamel et al. (1) , L7 and L12 are also required for the enzymatic binding of fMet-tRNA to ribosomest (13) . Since these reactions all involve hydrolysis of the -y-phosphate of GTP and since L7 and L12 do not affect ribosomal peptidyl transferase activity (1) , it appears that L7 and L12 might be required for reactions involving GTP hydrolysis dependent on a soluble factor and the 50S ribosomal subunit. The hydrolysis of GTP is required for peptide-chain termination in vitro, as studied with reticulocyte release factor (RF) and ribosomes (14) . Although no such requirement has been demonstrated for peptide-chain termination in E. coli in vitro, a protein factor, RF-3, and guanine nucleotides are known to influence the ribosomal binding of E. coli termination factors RF-1 and RF-2 (15) . Recently the binding of EF-G to E. coli ribosomes, which requires L7 and L12, was shown to inhibit the interaction of RF-1 and RF-2 with ribosomes (16) . For these reasons the effects of the ribosomal proteins L7 and L12 and the antibiotic thiostrepton were studied with respect to their influence on peptide-chain termination. The present report provides evidence that L7 and L12 are required for peptidechain termination in E. coli and that this process is inhibited by thiostrepton.
MATERIALS AND METHODS
Materials. Ammonium chloride-washed ribosomes were isolated from E. coli B as described (17) , and ribosomal subunits were prepared from these ribosomes by the procedure of Pestka and Nirenberg (18) . The ribosomal proteins L7 and L12 were extracted from the 50S ribosomal subunits with an Abbreviations: L7 and L12, 50S ribosomal proteins according to the nomenclature of Kaltschmidt and Wittmann (38) ; release factors, RF-1, RF-2, and RF-3; elongation factor Tu, EF-Tu; elongation factor G, EF-G. ethanol-NH4Cl mixture at 00 (1, 2) . A purified mixture of L7 and L12 was obtained after carboxymethylcellulose chromatography (2) , and the individual proteins were resolved from each other by the procedure of Moller et al. (19) .
[3H]Methionine (9.0 Ci/mmol) was purchased from Amersham/Searle, and purified tRNAfMet was obtained from the National Institute of General Medical Sciences; f [3H ]MettRNA was synthesized as described (20) . The trinucleotide codon, AUG, was purchased from Miles Laboratories, and UAA and UA[3H]A were synthesized as described (14, 21) .
The purified release factors, RF-1 and RF-2, were prepared as described (22) . Thiostrepton was a gift from Miss Barbara Stearns of the Squibb Institute.
Methods. The assay for the release of formyl[3H]methionine was performed in a two-step incubation as described by Caskey et al. (23) . The first step, which involves the binding of fMet-tRNA to the E. coli ribosomes, was an incubation for 30 min at 300. The reaction mixture contained, in a total volume of 250 ,ul: 50 mM Tris-acetate (pH 7.4), 10 (25) . The fMet-tRNA -AUG. ribosome complex formed in the above incubation was then used as a substrate to study the effect of L7 and L12 on the release of formylmethionine from the ribosome.
The procedure for the RF-dependent release of formyl-[3H ]methionine from f [3H ]Met-tRNA * AUG -ribosome complexes was as described (16) . The measurement of formyl [3H Imethionine release with E. coli RF from f[3H ]Met-tRNA-AUG -ribosome complexes in the absence of terminator codons requires ethanol and has been described (26) .
The conditions for the formation and measurement of an RF * UA [3H]A -ribosome complex, an index of the binding of bacterial RFs to the ribosome, have been described (27) .
RESULTS
The effect of the 50S ribosomal proteins L7 and L12 on codondirected release of formylmethionine with either E. coli RF-1 or RF-2 is given in Table 1 . In all cases f[3H ]Met-tRNA is prebound in reactions containing untreated 30S ribosomal subunits and SOS ribosomal subunits, either untreated or extracted with ethanol-NH4Cl, before the UAA-dependent RF release of formylmethionine was studied. Very little f[3H ]-Met is released from ribosomes depleted of the ribosomal proteins L7 and L12. These proteins, when added back to the reactions, almost completely restore f [3H ]Met release; this effect is totally dependent on RF-1 or RF-2 and UAA (Exps. 1-4). In addition, it has also been shown (data not given) that either L7 or L12, over a wide range of concentrations, was equally effective in stimulating f[3H ]Met release in the presence of UAA and RF-1. L7 and L12 have no effect on the reactions with untreated 50S subunits (Exps. 5 and 6). 100% of the f [3H]Met-tRNA bound to both the control and extracted ribosomes was puromycin reactive. This finding indicated that (26) . Ethanol eliminates the requirement for the trinucleotide codon by promoting the formation of an RF * ribosome * fMet-tRNA complex (26) . Table 2 shows that the addition of L7 and L12 to depleted ribosomes stimulates 2-fold the codon-independent release of formylmethionine seen in the presence of ethanol. The stimulation observed is not as large as that seen in the codondependent experiments, which may be due to the ability of ethanol to increase the release of formylmethionine from the extracted ribosomes in the absence of L7 and L12. In accord with this view, it has previously been shown by Ballesta and Vazquez (28) and Hamel and Nakamoto (29) that ethanol stimulates the ability of ribosomes depleted of L7 and L12 to function in various partial reactions of protein synthesis. They have suggested that L7 and L12 play an auxiliary role in enhancing the interaction of the elongation factors with the ribosome and that the alcohol in some fashion compensates for the absent proteins. While the mechanism by which ethanol overcomes the requirement for L7 and L12 cannot be precisely defined from these studies, it appears that ethanol influences the peptide-chain termination requirement for these proteins in a similar manner to that observed for aminoacyltRNA binding and translocation.
Since the release of formylmethionine from 50S subunits is restored by L7 and L12 both in the codon-dependent and -independent reactions, a required initial event in both reactions, the binding of RF to the ribosome, has been investigated. Scolnick and Caskey previously demonstrated (27) (27) It has been shown previously (6) (7) (8) (9) (10) (11) (12) (13) 30 ) that several partial reactions of protein synthesis that involve ribosomal proteins L7 and L12 are also inhibited by thiostrepton. Table 4 inhibited by thiostrepton at concentrations giving complete inhibition of codon-directed release. This partial inhibition may reflect a decreased efficiency of thiostrepton to bind to the E. coli ribosome at high ethanol concentrations (20%) or may reflect the ability of RF to bind transiently to the ribosome at a site only partially obstructed or unaffected by thiostrepton. Thus, the results obtained with the overall and partial reactions using thiostrepton are similar to those seen with ribosomes depleted of L7 and L12. Fig. 1 shows the effect of thiostrepton concentration on both the RF-2-dependent binding of UA[3H]A to the ribosome and the codon-directed release of f[3H]Met. It can be seen that at 4,M thiostrepton, there was about a 50% inhibition of both reactions, and a com- Table 1 . A value of 0.5 pmol, obtained in the absence of RF, was subtracted in each case.
plete inhibition was observed at 10 MuM thiostrepton. The thiostrepton inhibition curve of the RF-dependent reaction is very, similar to that observed with elongation factors, EF-Tu and EF-G (4).
DISCUSSION
The 50S ribosomal subunit of E. coli is thought to contain about 34 proteins in addition to a mole each of 23S and 5S RNA (31) . The proteins have been extensively purified, and the two acidic proteins L7 and L12 have been shown to have a direct role in various reactions of protein synthesis. It has been shown that these two proteins are identical except for the presence of an acetyl group on the NH2-terminal serine of L7 (19) . The reactions affected by L7 and L12 include: (a) initiation factor-dependent binding of fMet-tRNA to the ribosomet (13); (b) EF-Tu-catalyzed binding of aminoacyl-tRNA to the ribosome (1, 2, 4, 5); and (c) EF-G-mediated reactions, including EF-G-dependent GTP hydrolysis, binding of EF-G to the ribosome, and translocation (1) (2) (3) (4) (5) .
The data presented in this report show that the two ribosomal proteins L7 and L12 are also involved in the termination of protein synthesis in E. coli and appear to be specifically required for the binding of RF to the ribosome. The E. coli 50S ribosomal subunits which have been depleted of L7 and L12 have a decreased ability to bind either RF-1 or RF-2; this ability can be restored by the addition of either L7 or L12. In addition, the proteins restore the fMet-tRNA hydrolytic activity of RF directed by either terminator codon or ethanol. These ribosomal reactions were decreased in the absence of L7 and L12 as a result of the inability of RF to interact with the depleted ribosomes. Thiostrepton, an antibiotic that binds to the 50S ribosomal subunit and inhibits all of the reactions (initiation, aminoacyl-tRNA binding, and translocation) involving L7 and L12, completely inhibits codon-directed peptide-chain termination in vitro by preventing the codon-directed interaction of RF with the ribosome. In contrast, the codon-independent hydrolysis of ribosome-bound fMettRNA directed by ethanol is incompletely inhibited by thiostrepton. This partial inhibition may reflect a decreased efficiency of thiostrepton to bind to the E. coli ribosome at high ethanol concentrations or, alternately, ethanol many allow RF to interact at a ribosomal site only partially affected by thiostrepton.
In addition to the L7 and L12 requirement for the interactions of soluble factors with the ribosome, it has been shown that ribosomes complexed with EF-G (or EF-2) will not bind E. coli RF-1 or RF-2 (or reticulocyte RF) and, therefore, will not participate in reactions of peptide-chain termination in vitro (16) L7 and Li2 or inhibited by thiostrepton, which shows that these components do not alter all functions of the ribosome. The simplest explanation for the requirement of L7 and L12 in protein biosynthesis is that these ribosomal proteins are involved only in the binding of the soluble factors to a specific site on the ribosome.
Before this report, all of the reactions involving L7 and L12, namely factor-dependent initiation, aminoacyl-tRNA binding, and translocation, have involved hydrolysis of GTP. It has been suggested that L7 and L12 constitute a universal GTPase region on the ribosome which may recognize GTP bound to the various soluble factors (37) . To date, GTP involvement has been only indirectly implicated in peptidechain termination in vitro using E. coli extracts, and no E. coli ribosomal GTPase activity of RF has been demonstrated. Guanine nucleotides have been shown, however, to affect the interaction of RF with the ribosome. RF-1 or RF-2 binding to the ribosome is promoted by a third release factor, RF-3, and this factor can combine with guanine nucleotides (GTP, GDP, GDPCP) to destabilize the RF-UAA-ribosome intermediate which is an index for the binding of RF to the ribosome (15) . In contrast, GTP hydrolysis has been implicated in peptide-chain termination in vitro using reticulocyte extracts, since the reaction is stimulated by GTP and inhibited by GDPCP, and the mammalian RF has been shown to have a ribosomal-dependent GTPase activity (14) .
